Water channels or aquaporins (AQPs) have been identified in a large variety of tissues. Nevertheless, their role in the human gastrointestinal tract, where their action is essential for the reabsorption and secretion of water and electrolytes, is still unclear. The purpose of the present study was to investigate the structure and function of water channels expressed in the human colon. A cDNA fragment of about 420 bp with a 98% identity to human AQP3 was amplified from human stomach, small intestine and colon by reverse transcription polymerase chain reaction (RT-PCR) and a transcript of 2.2 kb was expressed more abundantly in colon than in jejunum, ileum and stomach as indicated by Northern blots. Expression of mRNA from the colon of adults and children but not from other gastrointestinal regions in Xenopus oocytes enhanced the osmotic water permeability, and the urea and glycerol transport in a manner sensitive to an antisense AQP3 oligonucleotide, indicating the presence of functional AQP3. Immunocytochemistry and immunofluorescence studies in human colon revealed that the AQP3 protein is restricted to the villus epithelial cells. The immunostaining within these cells was more intense in the apical than in the basolateral membranes. The presence of AQP3 in villus epithelial cells suggests that AQP3 is implicated in water absorption across human colonic surface cells.
Introduction
Approximately 9 liters per day of water are involved in the digestion process and due to the great absorptive capacity of the intestine, only 0.2 liters are excreted with the stool (1) . The opposite can also occur, i.e., the small and large intestine can secrete large amounts of water in the presence of toxins or endogenous secretagogues (2, 3) . It is generally accepted that these important fluid transfers are associated with salt reabsorption or secretion. Nevertheless, it is still a subject of controversy whether the absorptive processes are located in the surface (and villus) cells, if the secretory processes are located in the crypt cells (4, 5) and if the transport-associated water movements are transcellular or paracellular (6, 7) .
The recent characterization and cloning of aquaporins (AQPs) have introduced a new approach to this problem. These structures are found in those membranes which present high osmotic permeability and there is general agreement that the presence of functional AQPs in an epithelial barrier strongly indicates the existence of a transcellular route for the water transfers (8) (9) (10) . In the gastrointestinal tract, physiological and biophysical studies have provided evidence against the expression of water channels in the epithelial cells from the stomach (11) and jejunum (12) or in Caco-2, a cell line derived from human colon carcinoma (13) . In these cases, the paracellular route has been proposed as the main route for the transportassociated water transfer.
Alternatively, the presence of functional water channels has been postulated in rabbit rectal epithelium (7) and AQP expression in stomach, small intestine and colon has been reported in studies using Northern blots and immunolocalization (14) (15) (16) (17) (18) (19) (20) .
In the present study we show that when mRNA from different sections of the gastrointestinal tract was injected into Xenopus oocytes, only the portion corresponding to the colon expressed functional AQP3 which are more intensely localized in the apical membranes and less intensely localized in the basolateral membranes of villus epithelial cells.
Material and Methods

Patient specimens
The surgical specimens used in this study were obtained from 16 patients from the Hospital de Gastroenterología Dr. Bonorino Udaondo, Hospital de Niños Dr. Pedro de Elizalde and Hospital Israelita. The clinical conditions requiring removal of sections from stomach, small or large intestine in these patients were different carcinomas for adult specimens (N = 14) and Hirschsprungs disease (N = 2, ages ranging between 3 and 7 years old) in the case of childrens specimens. Twenty-four hours prior to surgery, 25 to 40 ml kg body weight -1 h -1 of an isosmotic lavage solution containing 25 mM NaCl, 40 mM Na 2 SO 4 , 10 mM KCl, 20 mM NaHCO 3 and 60 g/l polyethylene glycol (PEG) was orally administered to the patients until the fecal discharge was clear and free of solid matter. This solution was reported to cause no net water or ion movement across the gut (21) . Tissues used for these studies were taken from macroscopically normal areas within the safety margin from the pathological affected tissue. Segments were transported in ice-cold high K + -Ringer solution to the laboratory and processed within 2 h of excision. The high K + -Ringer solution containing 120 mM KCl, 10 mM NaHCO 3 , 1.2 mM MgCl 2 , 1.2 mM CaCl 2 , 1.2 mM K 2 HPO 4 , 0.2 mM KH 2 PO 4 , and 25 mM glucose preserves the transport function across the colonic epithelial cells (6) . This protocol was approved by the Ethics Committee of the Gastroenterology, Children and Israelita Hospitals.
mRNA extraction
The intestinal specimens were washed with 0.9% NaCl, opened along the mesenteric border and everted with a forceps on an iced Petri dish. The mucosa and submucosa were stripped from the muscular layers and underlying tissue and the mucosa was gently scraped with a glass microscope slide. The scrapings containing 1 g of epithelial cells were immediately suspended in 10 ml of 4 M guanidinium thiocyanate, 25 mM sodium citrate, pH 7, 0.5% sarcosyl and 0.1 mM ß-mercaptoethanol. The mixture was homogenized for 30 s on ice using an Ultra-Turrax T25 blender at maximum speed. An equal volume of water-saturated phenol, 0.1 volume of 2 M sodium acetate, pH 4, and 0.2 volume of chloroform were added and vortexed. The final suspension was cooled on ice for 15 min and then centrifuged at 10,000 g for 20 min at 4 o C. The supernatant was precipitated with ice-cold isopropanol and eventually dissolved in Tris/EDTA buf-fer, pH 7.4. RNA purity and concentration were assessed spectrophotometrically. Oligo(dT) 15 -cellulose columns (Sigma Chemical Co., St. Louis, MO, USA) were used to isolate mRNA. The mean yield of mRNA was approximately 1 to 5 µg for each specimen. RNA samples were stored at -80°C until the time for use.
RT-PCR assay
Reverse transcription was performed on 5 µg of total mRNA from human colon mucosa using Moloney murine leukemia virus reverse transcriptase (Gibco, BRL, Gaithersburg, MD, USA), oligo (dT) 15 73-78 and 192-199 , respectively, of the AQP1 sequence (X70257/S52660), and to amino acids 81-86 and 215-222 of the AQP3 sequence (D17695/D25280). Agarose gel electrophoresis of the RT-PCR products showed a 420-bp band that was cloned in the pGEM-T vector (Promega Corp., Madison, WI, USA) and the fragment was sequenced using the ¦mol kit (Promega). RT-PCR was also assayed with adult stomach, jejunum, ileum, and childrens distal colon mRNA using 2 µM of the specific sense [5'-CC TGAACCCTGCGGTGACC-3'] and antisense [5'-GGCATAGCCGGAGTTGAAGC-3'] oligonucleotide primers based on the RT-PCR product from colon. The protocol was 30 cycles at 94 o C 60 s, 55 o C 60 s, and 72 o C 60 s, followed by a final extension of 10 min at 72 o C. PCR products were cloned and sequenced as described before.
Northern blotting
About 10 µg of each total RNA was electrophoresed on a denaturing 1.4% agarose gel containing 2.2 M formaldehyde. One part of the gel was stained with ethidium bromide to evaluate the intensity and quality of 18S and 28S ribosomal bands for the different RNA samples. The other part was transferred to a reinforced nitrocellulose membrane (BAS85, Schleicher and Schuell, Dassek, Germany), fixed for 2 h at 80 o C and prehybridized for 4 h at 42 o C with a standard prehybridization buffer containing 50% formamide, 5x SSC, 0.5% SDS and salmon sperm DNA (100 µg/ml) and hybridized overnight at 42 o C with 10-20 µl 32 PdCTP labeled probe diluted in a fresh 5-ml aliquot of warmed prehybridization buffer. Blots were then washed twice for 5 min in 2x SSC, 0.1% SDS at room temperature followed by 15 min in 0.1x SSC, 0.1% SDS at 37 o C and 5 min in 0.1x SSC, 0.5% SDS at 55 o C. Next, blots were dried and exposed to X-ray films (X-Omat, Kodak) for 2-7 days.
Equivalent amounts of RNA were loaded as assessed on the basis of abundance of 18S and 28S RNAs and by Northern analysis using a chicken ß-actin probe (data not shown).
Oocyte injection
Oocytes were obtained from adult Xenopus laevis by standard procedures (22) and stored immediately in Barths solution (88 mM NaCl, 1 mM KCl, 0.8 mM MgSO 4 , 0.3 mM Ca(NO 3 ) 2 , 0.4 mM CaCl 2 , 2.4 mM NaHCO 3 , 7.5 Tris, pH 7.6, 200 mOsm/kg) containing penicillin (9.6 µg/ml) and streptomycin (10 µg/ml). The follicular cell layer was removed by incubation with 1 mg/ml collagenase (type 1A; Sigma) in sterile Barths solution for 2 h at 25 o C with gentle continuous shaking. Oocytes were then C. Silberstein et al.
washed ten times with 10 ml of the same solution and stored overnight at 4 o C and then used for mRNA microinjection. Selected defolliculated oocytes (~1.0 mm in diameter) were injected with 50 nl of water or mRNA (1 mg/ml) using an automatic microinjection system. Oocytes were incubated for 72 h at 18 o C in Barths solution with daily changes.
When the sense [5'-TTGCCATGTGCT TCCTGGCTCGTGAGCCCT-3'] or antisense [5'-AGGGCTCACGAGCCAGGA AGCACATGGCAA-3'] AQP3 oligonucleotide derived from the 420-bp RT-PCR product was used, the mixture of each oligonucleotide (2.3 ng/oocyte) with mRNA (50 ng/oocyte) was warmed to 65 o C for 2 min and allowed to cool at room temperature just before co-injection.
Osmotic water permeability
Experiments were performed in a temperature-jacketed chamber with a curved bottom at 18 o C. An oocyte injected with water or with total mRNA was transferred from 200 mOsm Barths solution to a chamber containing ten-fold diluted Barths solution (20 mOsm). The increase in osmotic volume was followed for the first 120 s by videomicroscopy by storing digitized images at 10-s intervals in a computer. The time-dependent volume change of the oocyte was considered linear for this period of time and the Posm was calculated as previously reported (23) .
Solute uptake into oocytes
Solute uptake into Xenopus laevis oocytes was studied as described (24) . Briefly, individual oocytes previously microinjected with water or colon mRNA were incubated in 0.2 ml Barths solution containing 100 µCi/ml [ 3 H]-glycerol (200 mCi/mmol) and 2.7 µCi/ml [ 14 C]-urea (8.6 mCi/mmol, New England Nuclear, Boston, MA, USA) and 1 mM urea and glycerol with continuous shaking. The uptake was stopped after 10 min by adding 4 ml ice-cold Barths solution and each oocyte was placed on a filter (type GF-A, Whatman) and washed twice with 5 ml of the same solution under vacuum. Then, oocyte and filter were placed in a glass vial with 0.1 ml formic acid for 5 min and mixed with 5 ml scintillation fluid to determine radioactivity.
Immunoblotting studies
Human colon was homogenized in 200 mM sucrose/10 mM Tris-HCl, pH 7.4, containing leupeptin (1 µg/ml) and 0.1 mg/ml phenylmethylsulfonyl fluoride. After homogenization in a Potter apparatus and centrifugation at 3,000 g for 10 min to remove nuclei and incompletely homogenized membrane fragments, a high-speed pellet was prepared by centrifugation at 100,000 g for 60 min. Membranes were dissolved in SDS loading buffer, heated to 65°C for 5 min, and resolved on 13% polyacrylamide gel. Proteins were electrotransferred to a nitrocellulose membrane by the semi-dry method. Membranes were blocked with 2% (w/v) bovine serum albumin in PBS for 30 min at room temperature and incubated overnight with the purified anti-AQP3 antibody (50 ng/ml). The secondary antibody was goat antirabbit IgG conjugated to alkaline phosphatase used at 1:1000 dilution. Sites of antibody-antigen reaction were visualized using 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium as color development reagents.
Immunocytochemistry
Fixation and preparation of tissue. For immunocytochemistry, human colonic mucosa was fixed in ice-cold 4% paraformaldehyde in PBS, dehydrated, and embedded in cytoparaffin. Thin (4-5 µm) consecutive sections were cut on a microtome and placed on microscope slides. For immunofluorescence, human colon was fixed in 4% paraformalde-hyde and cryoprotected overnight with PBS containing 30% (w/v) sucrose, embedded in ornithine carbamyl transferase (OCT) compound (Miles Laboratories Inc., Clifton, NJ, USA), and frozen in liquid N 2 . Cryosections (4-5 µm) of human colon and rat kidney (control) were placed on the same gelatincoated glass slide.
Immunolabeling of sections. Rabbit affinity-purified polyclonal antibody against a 26-amino acid synthetic peptide, corresponding to the carboxyl terminus of AQP3 (NH 2 -CHLEQPPPSTEAENVKLAHMKHKEQI-COOH) (25) was used.
For immunofluorescence, slides were preincubated with nonimmune goat serum and then incubated with the purified anti-AQP3 antibody (5 µg/ml) overnight at 4 o C. After rinsing, the slides were incubated with fluorescein isothiocyanate-conjugated mouse antirabbit IgG (Sigma Clone RG-96, 1:40) for 4 h at room temperature. Omission of primary antibody was used as negative control.
For immunolocalization by light microscopy, the sections were incubated with PBS containing 1% bovine serum albumin for 60 min at room temperature and then with purified anti-AQP3 antibody (3-7 µg/ml) overnight at 4 o C in PBS containing 1% bovine serum albumin. The slides were then rinsed and incubated for 1 h at 25 o C with antirabbit IgG biotinylated species-specific whole antibody from donkey (Amersham RPN 1004, Amersham International, Amersham, Buckingham, UK) at a 1:100 dilution followed 1 h by streptavidin biotinylated horseradish peroxidase complex (Amersham RPN 1051) at 1:100 dilution. The labeling was visualized by reaction with diaminobenzidine containing NiCl 2 (26, 27) . Purified nonspecific rabbit IgG was used as negative control.
Results
AQP3 mRNA expression
A 420-bp RT-PCR product was amplified, cloned and sequenced from adult stomach, jejunum, ileum and colon and from childrens colon (Figure 1 ). This sequence showed 96% identity to rat kidney AQP3 (16, 28) , 98% identity to human kidney AQP3 (29) and 99% to human kidney glycerol intrinsic protein (GLIP) (30) in their respective conserved regions. Furthermore, AQP3 mRNA expression in the different gastrointestinal sections was analyzed by Northern blot using the 420-bp RT-PCR product as a probe. A transcript of 2.2 kb was expressed more abundantly in colon than in jejunum, ileum or stomach (Figure 2 ).
Osmotic water permeability
To determine the functional expression of AQP3, Posm was measured in Xenopus laevis oocytes injected with total mRNA from the different gastrointestinal sections. The results are summarized in Table 1 . For each anatomic region, the Posm corresponding to oocytes injected with water or with mRNA were averaged from different specimens and their average differences from each other were calculated. Only in distal colon from adults and children did the average differences significantly differ from zero (Table 1 , columns 5 and 6). These differences were inhibited by treatment of oocytes with 0.3 mM HgCl 2 for 10 min and restored by incubation with ß-mercaptoethanol for 15 min (Figure 3A,B ). An antisense but not a sense AQP3 primer co-injected with colon mRNA also inhibited AQP3 expression (Figure 3A) . In addition, oocytes expressing AQP3 exhibited increases in [ 3 H]-glycerol and [ 14 C]-urea uptake which were abolished when colon mRNA was co-injected with excess AQP3 antisense primer. In both cases, the AQP3-sense primer was used as control ( Figure 4A,B) . Figure 5A shows the immunoblot of a crude membrane preparation (100,000 g membrane fraction) from human colon probed with the anti-AQP3 antibody. A protein band of 27 kDa was seen and another faint band of higher apparent molecular mass (35 kDa) was also observed. This pattern is similar to that reported for rat kidney medulla (14) where the upper band represents the glycosylated form of AQP3, and the lower band represents the nonglycosylated form. No bands were detected when nonimmune goat serum was used or when the primary antibody was omitted (data not shown).
Immunolocalization of AQP3 in human colon
Immunofluorescence of human adult colon with AQP3 antibody showed strong staining in villus but not in crypt epithelial cells ( Figure 5C ) when compared with a negative control ( Figure 5B ). At high power magnification, the labeling appeared to be localized predominantly in the apical membrane of surface cells while a considerably weaker signal was detected in the basolateral domain of these cells (Figure 5D and E; for control, see Figure 5F ). Strong staining in collecting ducts of rat kidney medulla (positive control) is shown in Figure 5G .
Identification of labeling in villus epithelial cells was confirmed with immunoperoxidase staining (Figure 6 ). At low power magnification intense staining was detected in some of the villus epithelial cells but not in globets cells, and no staining was observed in the crypt epithelial cells (B). Control sections treated with nonimmune IgG revealed an absence of labeling (A). At high power magnification, strong staining was observed in the apical membrane and the subapical area just beneath the apical membrane of villus epithelial cells (C). Immunolabeling of rat kidney sections revealed la- 
Discussion
The functional characteristics of water handling in the gastrointestinal tract has been extensively studied both in vivo and in vitro (1,4,7) . Nevertheless, to our knowledge, this is the first study on the functional expression of water channels using total mRNA from different human gastrointestinal regions.
We demonstrate here the expression of functional water channels only when adult and children colon mRNA was injected into Xenopus oocytes but not when mRNA from adult stomach, jejunum or ileum was used. The HgCl 2 -sensitive expression of colon mRNA was similar to that reported for the other tissues encoding AQPs (28, 31, 32) . The ability of an AQP3 antisense sequence to block the mRNA expression suggests the presence of an AQP3. Increase of urea and glycerol uptake by Xenopus oocytes injected with colon mRNA and its inhibition by AQP3 antisense also support the functional expression of AQP3.
We also reported here an amplification of a 420-bp DNA from stomach, jejunum, ileum and colon using RT-PCR. The amino acid sequence of all DNAs presented a high homology to AQP3 and GLIP, both cloned from a human kidney cDNA library (29, 30) . Expression of mRNA was demonstrated in all gastrointestinal sections by Northern blot and these results are coincident with those described by Ishibashi et al. (29) and Koyama et al. (33) . However, we observed functional AQP3 only in human colon. A possible explanation could be a higher level of AQP3 mRNA in colon than in the other gastrointestinal sections as observed in the Northern blot studies. The lack of water-channel expression in stomach and small intestine is consistent with functional data for vesicles derived from these tissues showing low plasma membrane water permeability (11, 12) . 
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Adult colon Child colon Water Recently, Yamamoto and Sasaki (34) discussed the clear demonstration of AQP3 mRNA expression in stomach and small intestine and the inability to detect AQP3 protein in these epithelial cells by immunohistochemistry and functional studies. Further studies are needed to determine the correlation between AQP3 mRNA and protein expression.
Immunohistochemistry using anti-AQP3 revealed that AQP3 labeling is present in the surface epithelial cells of human colon. Labeling of AQP3 was found in the apical and basolateral membranes of villus epithelial cells. Previous immunolocalization studies have shown expression of GLIP and AQP3 in the basolateral domain of surface epithelial cells in rat colon but not in rat small intestine (14, 33) .
Thus, we have identified functional AQP3 in the human colon which may be implicated in fluid absorption across this particular intestinal section. The fact that the intercellular junctions of colonic cells were reported to be tight (35) water absorption and its alteration could lead to abnormal states such as constipation and diarrhea.
